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Crystal Structure of the DNA-Binding Domain
of the Epstein±Barr Virus Origin-Binding Protein,
EBNA1, Bound to DNA
Alexey Bochkarev, Jean A. Barwell, from oriP presumably relies heavily on the cell replica-
tion machinery. oriP contains multiple copies of an 18Richard A. Pfuetzner, Elena Bochkareva,
bp EBNA1 recognition site, which are clustered in twoLori Frappier,* and Aled M. Edwards*
noncontiguous functional elements, the family of re-Institute for Molecular Biology and Biotechnology
peats and the dyad symmetry (DS) element (Reisman etCancer Research Group
al., 1985). The DS element contains four EBNA1-bindingDepartment of Pathology
sites, a 65 bp region of dyad symmetry, and likely theMcMaster University
initiation site for DNA replication (Rawlins et al., 1985;Hamilton, Ontario
Reisman et al., 1985; Gahn and Schildkraut, 1989; Wyso-Canada L8N 3Z5
kenski and Yates, 1989). The family of repeats element,
located 1 kb away from the DS element, consists of
20 EBNA1-binding sites and, when bound by EBNA1,Summary
activates DNA replication from the DS element, en-
hances transcription, and governs the stable segrega-The Epstein±Barr virus nuclear antigen 1 (EBNA1) pro-
tion of oriP-containing plasmids (Lupton and Levine,tein binds to and activates DNA replication from oriP,
1985; Rawlins et al., 1985; Reisman and Sugden, 1986;the latent origin of DNA replication in Epstein±Barr
Krysan et al., 1989).virus. The crystal structure of the DNA-binding domain
We recently reported the crystal structure of a portionof EBNA1 bound to an 18 bp binding site was solved
of theEBNA1 DNA-binding and dimerization region (resi-at 2.4 AÊ resolution. EBNA1 comprises two domains, a
dues 470±607) (Bochkarev et al., 1995). The structureflanking and a core domain. The flanking domain,
revealed unexpected features that could not have beenwhich includes a helix that projects into the major
predicted by amino acid sequence, secondary structuregroove and an extended chain that travels along the
predictions, or mutational analysis. The EBNA1 DNA-minor groove, makes all of the sequence-determining
binding region appeared to be composed of two distinctcontacts with the DNA. The core domain, which is
DNA-binding domains: the C-terminal domain, compris-structurally homologous to the complete DNA-binding
ing residues 504±604 (termed the core domain), anddomain of the bovine papilloma virus E2 protein,
the N-terminal domain, which extends from residuesmakes no direct contacts with theDNA bases. A model
470±503 (termed the flanking domain). The core domainfor origin unwinding is proposed that incorporates the
was virtually identical in structure (a root-mean-squareknown biochemical and structural features of the
deviation [rmsd] of 0.9 AÊ ) to the DNA-binding and dimer-EBNA1±origin interaction.
ization domain of the E2 protein of bovine papilloma
virus. This conservation was remarkable for two rea-Introduction
sons. First, there is no sequence similarity between the
two proteins. Second, EBNA1 and E2 derive from a her-
Bidirectional replication of viral, plasmid, and cellular
pesvirus and a papovavirus, respectively; these viral
DNA initiates from discrete DNA elements called origins.
families are completely unrelated, and there is no known
Initiation from origins is orchestrated by origin-binding
evolutionary link between them. E2, like EBNA1, is a
proteins (OBPs), which play two critical and conserved
dimer; the dimerization interfaces comprise an eight-
roles. First, upon binding to origin DNA, OBPs assemble
stranded antiparallel b barrel, with four strands deriving
into higher order complexes and facilitate local distor-
from each monomer (Hegde et al., 1992; Bochkarev et
tion or unwinding of the DNA (reviewed by Boroweic et al., 1995). In E2, the b barrel provides the scaffold that
al., 1990; Kelman and O'Donnell, 1994; Stillman, 1994).
positions two a helices, termed the recognition a heli-
Second, OBPs nucleate the assembly of the DNA repli-
ces, in successive major grooves on one face of the
cation apparatus through specific interactions with
DNA helix (Hegde et al., 1992). The structural homology
other replication proteins (Kornberg and Baker, 1992). of EBNA1 with the E2 protein, which was solved as
Our structural understanding of these steps in the initia- a cocrystal with DNA, revealed that EBNA1 contained
tion reaction is limited; the structure of a distorted and analogous recognition helices with appropriate side
unwound origin and the mechanism for origin unwinding chains oriented toward the predicted position of the
remain unresolved. To gain insight into these processes, DNA. This homology implicated the EBNA1 ªrecogni-
we have begun the structural analysis of the Epstein± tionº helix in sequence-specific DNA binding. In the E2
Barr virus nuclear antigen 1 (EBNA1), the OBP from DNA-binding domain, the recognition helices are the
Epstein±Barr virus (EBV). sole mediators of sequence-specific DNA binding. How-
EBNA1 governs DNA replication from the EBV latent ever, for EBNA1, biochemical studies clearly showed
origin of replication, oriP, and is the only viral protein that residues outside the core domain play a critical
required for replication of oriP-containing plasmids in role in sequence-specific DNA binding (Ambinder et al.,
primate cells (Yates et al., 1985). Since EBNA1 has no 1991; Chen et al., 1993; Summers et al., 1996) and mod-
intrinsic enzymatic activity (Frappier and O'Donnell, eling studies of the EBNA1 protein on DNA indicated
1991; Middleton and Sugden, 1992), DNA replication that the flanking domain contacted the outer bases of
the EBNA1 recognition element (Bochkarev et al., 1995).
Thus, EBNA1 was proposed to contain two functional*These authors contributed equally to this work
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DNA-binding domains: a core domain, which is homolo-
gous to the bovine papilloma virus E2 DNA-binding do-
main and binds the inner portion of the EBNA1-binding
site, and a flanking domain, which is unique to EBNA1
and binds the outer portion of the EBNA1-binding site.
The entire mechanism of DNAbinding by EBNA1 could
not be deduced from the crystal structure of the
EBNA1470±607 fragment because this fragment does not
harbor complete DNA binding activity. Deletion and mu-
tagenesis studies have shown that residues 459±469
play an important role in DNA binding, particularly to
lower affinity EBNA1 recognition sites (Ambinder et al.,
1991; Chen et al., 1993; Summers et al., 1996) and that
the complete DNA-binding domain(s) comprises resi-
dues 459±607. We have now solved the crystal structure
of EBNA1459±607 bound to an 18 bp palindromic binding
site. The structure reveals two unexpected features.
First, even though the orientation of EBNA1 with respect
to its binding site is basically as predicted, the EBNA1
core domain plays little, if any, role in sequence recogni-
tion. Second, residues 461±469, which are dispensable Figure 1. Representative Electron Density
for binding to high affinity EBNA1 sites, provide most A region of electron density in the solvent-flattened and noncrys-
of the sequence-specific DNA contacts. tallographic symmetry±averaged 2.5 AÊ SIRAS map showing the in-
teraction of EBNA1 with the minor groove of the DNA. The protein
density is shown in green and the DNA density is in white. Superim-
Results and Discussion posed on the map is the model of the protein and the DNA. Contours
drawn at the 1s level.
Structure Solution
The DNA-binding region of EBNA1 containing residues
459±607 (EBNA1459±607) was crystallized bound to an 18 little structural change upon binding to DNA (rmsd be-
bp palindromic binding site: tween the bound and unbound core is 0.4 AÊ ). The largest
differences reside in the loops between the secondary
9 8 7 6 5 4 3 2 1 21 . . . . . . . 29 structure elements and, in particular, in the outer portion
G G G T A G C A T A T G C T A C C C* of the loop between the second and third strands of theC C C A T C G T A T A C G A T G G G b sheet (residues 543±553). This loop is very proline rich
and hence is referred to as the proline loop (indicated
The crystals (space group P212121; a 5 59.8 AÊ , b 5 64.4 by arrows in Figure 2B) (Bochkarev et al., 1995). The
AÊ , c 5 111.7 AÊ ) contained one EBNA1±DNA complex in flexibility of the proline loop can best be demonstrated
the asymmetric unit. The structure was solved by using by aligning the a-carbon backbone from each of the four
a combinationof molecular replacement and the isomor- crystallographically unrelated monomers, two derived
phous and anomalous scattering from a para-chloro- from this structure and two from the structure in the
mercurobenzoate derivative coupled with 2-fold non- absence of DNA (Figure 3A).
crystallographic averaging. The refined electron density Each EBNA1 monomer contains a flanking domain
map (Figure 1) was readily interpretable at 2.5 AÊ resolu- (shown in yellow in Figure 2A) that comprises residues
tion with the following exceptions. In each monomer, 461±504. The structure of a portion of the flanking do-
residues 546±548, which comprise the tip of the proline main (477±504) had been solved previously in the crystal
loop (see below) showed strong but discontinuous den- structure of EBNA1470±607; this portion adopts a similar
sity in both monomers. In addition, no clear density structure in the cocrystal. Residues 477±489 form a helix
could be observed for the six N-terminal residues, of that is oriented perpendicularly to the axis of the DNA
which four are derived from the fusion protein and two and whose N-terminus (residue 477) contacts the DNA
are derived from EBNA1 (residues 459 and 460). The (Figure 2A). Residues 490±504 form an extended loop
final structure, which includes 92 water molecules, that connects the 477±489 helix to the first b strand of
was refined to an R value of 21.8% at 2.4 AÊ resolution the core b barrel. The structure of residues 461±476 was
(Table 1). revealed in the cocrystal. Residues 461±469 form an
extended chain that tunnels along the minor groove and
makes extensive contacts with the DNA. The 461±469Overall Description of Structure
peptide enters the minor groove near the outside of theEBNA1459±607 binds to its 18 bp palindromic binding site
binding site (seven bases away from the 2-fold axis ofas a dimer (Figure 2). The EBNA1 dimer is composed
the palindrome), wraps around the DNA toward the cen-of two domains, the core and flanking domains (Figure
ter of the binding site, and exits between the second2A). The core domain (shown in blue in Figure 2A), which
and third bases away from the middle of the palindrome.contains residues 504±607 from each monomer and
Residue 469 is then connected to residue 477 by a loopwhose crystal structure has previously been solved in
that traverses along, and forms multiple hydrogensthe absence of DNA, contains the dimerization interface
(Bochkarev et al., 1995). The core domain undergoes bonds with, the DNA phosphate backbone.
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Table 1. Experimental Data
Parameter Native pCMB
iso ano
Unit Cell (AÊ )
a 59.8 60.0 60.0
b 64.4 64.4 64.4
c 111.7 112.0 112.0
Data Collection
Resolution (AÊ ) 2.4 2.9 2.9
Total reflections 117623 108149 108265
Unique reflections 17082 10001 18320
Completeness (%) (overall/outer shell) 96.4/88.7 98.8/96.8 98.5/96.3
Rsym 7.6 6.2 4.9
Riso 20.3
Rano 4.0
Phasing
Resolution 30.0±3.0 30.0±3.0
Number of sites 6 6
Cullis R factor 45.9
Kraut R factor 11.5 12.6
Phasing power 2.88 3.27
Mean FOM after SIRAS phasing 0.62
Refinement
Resolution (AÊ ) 8.0±2.4
R factor 21.8
Reflections with F . 2s(F) 15887
Completeness (%) (overall/outer shell) 93.7/85.8
Total number of nonhydrogen atoms 3074
Water molecules 92
rmsd (protein±DNA)
Bond lengths 0.013/0.018
Bond angles 1.45/2.86
Rsym 5 S (|Iobs 2 Iavg|)/S Iobs; summation over all reflections.
Riso 5 S |Fph2 2 Fp2|/S |Fph2 1 Fp2|.
Rano 5 S |F(1)2 2 F(2)2|/S |F(1)2 1 F(2)2|.
Rcullis 5 S ||Fph 1/2 Fp| 2 Fh,calc)|/S |Fph 2 Fp|; centric reflections only.
Rkraut 5 S |Fph, obs 2 Fph calc|/S |Fph, obs|; acentric reflections only.
R factor 5 S (||Fobs|2|Fcalc||)/S |Fobs|.
Phasing power 5 (Fh, calc/E) for iso data or (2Fºh, calc/E) for anomalous data; Fºcalc is the anomalous component of the amplitude of Fh, calc, and E
is the residual lack of closure error.
The Proline Loop 34.38, which corresponds to 10.5 bp per turn (Table 2).
The most significant deviations from this average valueOne of the most unusual features of the EBNA1 protein is
the proline loop, a sequence consisting of PGPGPQPGP are between base pairs 4(24) and 5(25) (24.58) and 1(21)
(47.28). The underwinding of the DNA around the base(residues 545±553) that appears to be inserted into the
connection between the second and third b strands of pairs 4(24) and 5(25) may result from the interaction of
EBNA1 with the minor groove in this region, since thisthe coredomain (Figure 2B). We have postulated that the
proline loop might be a candidate for a protein±protein underwinding is not observed in the crystal structure of
the E2 protein, which lacks the minor groove interactioninteraction domain (Bochkarev et al., 1995). This se-
quence is not present in the structurally homologous (Hegde et al., 1992). The underwinding of the EBNA1-
binding site, in turn, results in the local overwinding ofE2 protein. In both of the crystallographically unique
monomers, the proline loops extend from the EBNA1 the DNA in the middle of the palindrome. The high helical
twist owing to overwinding causes the two base pairsdimer in a conformation that resembles a beaver tail.
This precarious-looking conformation is stabilized by an across the dyad axis of thepalindrome to become closer
together (a rise of 1.5 AÊ compared with 3.2 AÊ , the stan-extensive network of hydrogen bonds between the two
arms of the loop and between the loop and the other dard value for B-DNA). To avoid colliding, the 1 and 21
bases are shifted away from dyad axis with a negativemonomer (Figure 3).
roll and a large buckle.
DNA Structure
The DNA in the EBNA1 cocrystal is a distorted B-form Protein±DNA Interactions
In this cocrystal, four residues in EBNA1 make a totalhelix that is wrapped smoothly around the protein barrel
(the largest roll is 13.58). The average helical twist is of seven direct and two water-mediated hydrogen
Cell
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Figure 2. A Dimer of EBNA1 Bound to Its 18
bp Binding Site
(A) A ribbon diagram showing the core do-
main, which contains residues 504±607 from
each monomer, in blue. The flanking domains
from each monomer are shown in yellow. The
amino acids are numbered according to their
position in the full-length EBNA1 protein de-
rived from B95-8, the most widely studied
EBV isolate.
(B) A view down the noncrystallographic axis
that shows one monomer in white and the
other monomer in the same color scheme as
used in (A). The proline loops are indicated
by the arrows.
bonds with bases throughout the recognition element. et al., 1990). This seems unexpected, because Lys-477
donates a hydrogen bond to a carbonyl at the 6 positionAll four residues are found in the flanking domains; no
sequence-specific contacts are made by the core do- of the G7 purine ring, and adenine does not have a
hydrogen bond acceptor (NH2 at the 6 position of ring)main. Two of the bases are contacted in the major
groove, while the other seven are contacted in the minor at this site. However, inspection of the model reveals
that with only a slight change in conformation, the Lys-groove (Figure 4).
477 side chain would be positioned to donate a hydro-
gen bond to the carbonyl of the O4 position of the T7(27)Major Groove Interactions
in binding sites containing an adenine at position 7The two major groove contacts are made by residue
or 27.Lys-477 (Figures 2A and 5), which lies at the N-terminus
of the helix in the flanking domain and donates a hydro-
gen to the O6 positions of both G8(28) and G7(27) Minor Groove Interactions
Three amino acids, Lys-461, Gly-463, and Arg-469, inter-(distances of 3.0 AÊ and 2.94 AÊ , respectively). These are
important contacts for high affinity DNA binding. The act with the bases in the minor groove (Figures 4 and 5).
Lys-461 makes two base contacts, donating a hydrogentwo guanines at positions 8 and (28) are conserved in
all of the 22 high affinity EBNA1-binding sites in oriP. In bond (distance of 2.53 AÊ ) to the carbonyl at the O2
position of C7(27) and to the O2 position of T6(26)the two binding sites in oriP that have more than 10-
fold lower affinity (sites 2 and 3 of the DS element; (distance of 3.04 AÊ ). Neither contact is sequence dis-
criminatory, since all base pair combinations contain aAmbinder et al., 1990; Summers et al., 1996), one of the
two guanines has been mutated to an adenine. The hydrogen bond acceptor at these positions. The back-
bone carbonyl and amide groups of Gly-463 make twoguanines at position7(27) are less well conserved. More
than half of the binding sites contain an adenine at one hydrogen bonds with G4(24), to the N2 position (dis-
tance of 2.79 AÊ ) and the N3 position (distance of 2.92of these positions, with no effect on affinity (Ambinder
Crystal Structure of EBNA1 Bound to DNA
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Figure 3. The Proline Loop
(A) An alignment of the a-carbon backbones of the four crystallo-
graphically unique EBNA1 monomers that have been solved. The
proteins were aligned using the lsq-explicit feature in the molecular
graphics program O (Jones et al., 1991). The positions of the amino
acids are indicated. The flexible portion of the proline loop extends
from residues 543±552.
(B) A schematic representation of one of the proline loops showing
the stabilizing network of hydrogen bonds. The amino acids that
comprise the proline loop are shown in the ovoid boxes connected
by thick dark lines. Amino acid residues from the other monomers
that contact the proline loop are shown in rectangular boxes. Hydro-
gen bonds are indicated by broken lines. The arrows delineate the
region of the proline loop that is less well ordered.
AÊ ), respectively. Guanines in these positions are present
in all of the high affinity binding sites. Only in site 2 of
the DS element, which is a low affinity site, is one of
these guanines changed (to an adenine). Finally, Arg-
469 makes both direct and water-mediated hydrogen
bonds with the bases. The NH1 of the arginine side chain
donates a hydrogen bond to the 2 carbonyl of T2(22)
(distance of 3.59 AÊ ). This NH group also binds a water
molecule (distance of 2.61 AÊ ), which in turn donates a Ta
b
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hydrogen bond to the 2 carbonyl of T1(21). This water
is also in position to hydrogen bond to the 2 carbonyl
of T2(22) (distance of 2.62 AÊ ).
The peptide from Arg-461 to Arg-469 snakes along
the bottom of the minor groove (Figure 5). The chain
travels along one side of the groove from Arg-461 to
Cell
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Trp-464 and then along the other side from Phe-455
to Arg-469. Between Trp-454 and Phe-455, the chain
makes an S-shaped turn, which is accompanied by a
peculiar arrangement of the Trp-454 and Phe-455 side
chains. The planes of the aromatic rings are oriented
parallel with the minor groove, and the side chains ap-
pear poised to push apart the two sugar phosphate
backbones. At this point in the structure, the minor
groove is widened by 2±3 AÊ . The sequence of the minor
groove peptide, including the tryptophan±phenylalanine
residues, is highly conserved in the EBNA1 homolog
from Herpesvirus papio suggesting that the tryptophan±
phenylalanine duo may play an important role in EBNA1
function.
Nonspecific Contacts
EBNA1 also makes extensive nonspecific contacts with
the DNA. There are a total of 13 hydrogen bonds to
phosphates. The flanking domain makes four hydrogen
bonds to phosphates; one by the His-468 side chain
within the minor groove and three by the loop that con-
nects Arg-469, at the C-terminus of the minor groove
chain, to Lys-477, at the N-terminus of the flanking do-
main helix. The core domain makes nine nonspecific
contacts with the phosphate backbone, five of which
Figure 4. EBNA1 DNA Contacts
are made from residues within the recognition helix.
A schematic diagram showing the contacts of one EBNA1 monomer
to the EBNA1 consensus half site, GGGTAGCAT. The bases are
Conservation in EBNA1 Binding Sitesnumbered 9 to 1 starting from the 59 end of the recognition element,
and the numbers have been placed in the phosphates of the corre- oriP contains 24 copies of the EBNA1 recognition ele-
sponding bases. The location of the 2-fold axis is shown with a ment. The sequence is highly conserved throughout the
cross. The amino acid residues are boxed, and the trace of the 18 bp segment, despite the fact that EBNA1 contacts
polypeptide backbone is indicated with a thick dark line. The line
only six of the nine bases in the half site. For example,connecting Lys-477 to Lys-461 represents the flanking domain. The
the bases at positions 3, 5, and 9 do not contact EBNA1,line connecting Lys-514 to Arg-522 represents the recognition helix
but a guanine at position 9(29) is conserved in 45 of thein the core domain. Hydrogen bonds are shown by broken lines. The
thick broken lines on the right indicate hydrogen bond interactions 48 half sites; an adenine at position 5(25) is conserved
between the protein and bases via the minor groove. The thinner in all 48 half sites, and a cytosine at position 3(23) is
broken lines onthe left indicate hydrogen bond interactions between conserved in 39 of 48 half sites. The reason for this
the protein and bases via the major groove. The thinnest broken
sequence conservation is not apparent from the struc-lines show hydrogen bonds between the protein and the DNA phos-
ture of the EBNA1±DNA complex. Binding of EBNA1 tophates. A water molecule that is involved in a hydrogen bond net-
the recognition element is unaffected by mutations atwork with Arg-469 is denoted by the circled W.
position 9(29) and only slightly affected by mutations
at position 3(23) (Ambinder et al., 1990). These bases
Figure 5. The Interaction of the Flanking Do-
main with DNA
A stick model (generated using INSIGHT II;
Biosym, San Diego, California) showing the
interaction of the flanking domain with DNA.
Residues 461±478 of the flanking domain are
shown in green, with the oxygen atoms
shown in red and the nitrogens in blue. Other
parts of the same monomer are represented
by green strands. Glu-556 from the other mo-
nomer, which contacts Arg-469 inthe flanking
domain, is shown in yellow. Hydrogen bonds
are shown in broken white lines, and the hy-
drogen bond distances are indicated. The
two DNA strands are shown in red and
purple.
Crystal Structure of EBNA1 Bound to DNA
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Figure 6. The Position of the EBNA1 Recog-
nition Helix with respect to the DNA Major
Groove
A stick model of the DNA and a strand dia-
gram of EBNA1 was generated using IN-
SIGHT II (Biosym). The side chains of the resi-
dues in the EBNA1 recognition helix that
could or do make hydrogen bonds with the
DNA are indicated. Hydrogen bonds are
shown in broken white lines, and the hydro-
gen bond distances are indicated. The two
DNA strands are shown in red and purple.
may be compatible with a particular DNA conformation DS element (Summers et al., 1996). The dispensability
of the minor groove peptide (residues 461±469) for se-important for origin function. By contrast, mutation of
the adenine at position 5(25) dramatically affects quence specific binding is remarkable, since this region
makes five out of seven specific contacts with the basesEBNA1 binding; the EBNA1 affinity for its binding site
drops 30-fold if position 5 is changed from an adenine in the cocrystal structure. Second, a fragment of EBNA1
lacking the complete flanking domain, and therefore allto a cytosine or a guanine (Ambinder et al., 1990). This
region of the binding site is structurally distorted with of the sequence-specific contacts seen in this structure,
has been shown to bind specifically, but weakly, toa wide minor groove, a large buckle angle, and a small
helical twist angle. The A5(25) may be necessary for EBNA1 recognition sites (Ambinder et al., 1991). Third,
the potential hydrogen bond donors in the EBNA1 recog-this distortion which, in turn, may be required for EBNA1
binding. nition helices are conserved in the distantly related
EBNA1 homolog from herpesvirus papio. In fact, the
papio EBNA1 recognition helix also contains a cysteineRole of the Core Domain
Based on its structural homology with the DNA-binding residue in the analogous position to Cys-340 from the
E2 recognition helix.domain of E2, the EBNA1 core domain was predicted to
make sequence-specific base contacts via twoa helices To reconcile these apparently conflicting data, we
propose that the core domain has a role in sequence-(residues 514±527 in each monomer), termed the recog-
nition helices (Bochkarev et al., 1995). We noted that specific DNA binding that is not manifested in these
cocrystals. The core domain may play a transient rolethe EBNA1 recognition helices possess several residues
(Lys-514, Tyr-518, and Arg-522) that were potential hy- during the process of loading EBNA1 onto its binding
site. Alternatively, as described in the next section, thedrogen bond donors and appeared tobe oriented appro-
priately to bind DNA. The cocrystal structure revealed, core domain may not function during the binding of
EBNA1 to a single site, but may function during thehowever, that the EBNA1 core domain apparently plays
no role in sequence-specific DNA binding. The EBNA1 assembly of EBNA1 complexes on oriP.
recognition helices are shifted relative to the position of
the recognition helix in E2 such that each of the appro-
priate side chains in the EBNA1 helices lies more than Model for Binding Two Sites
A dimer of EBNA1 bound to its 18 bp recognition site6 AÊ away from the nearest hydrogen bond acceptor in
the bases (Figure 6). There may be some long-range cannot function as an origin. The DS element, from which
EBV latent DNA replication initiates, contains four bind-water-mediated contacts between Lys-514 and G4(24),
but there are no direct hydrogen bonds between the ing sites for the EBNA1 dimer. These sites, termed 1±4
in order of their position, differ in sequence and EBNA1-EBNA1 recognition helix and the DNA. Two residues,
Arg-521 and Arg-522, make hydrogen bonds with phos- binding affinity. Sites 1 and 4 have higher affinity for
EBNA1 than do sites 2 and 3 (Ambinder et al., 1990;phates. In fact, the binding of Arg-521 with the phos-
phate backbone appears to act as a cap that prevents Summers et al., 1996). Sites 1 and 2 are separated by
3 bp, as are sites 3 and 4. Sites 2 and 3 are separatedinsertion of the helix into the major groove.
The lack of involvement of the EBNA1 core domain/ by 15 bp. Not all four sites are required for origin func-
tion. DNA replication can occur from a mutated DS ele-recognition helices in base recognition is inconsistent
with several biochemical observations. First, a deletion ment that contains intact sites1 and 2 and nonfunctional
sites 3 and 4 (Harrison et al.,1994). However, thespacingmutant of EBNA1, EBNA1470±607, which lacks the entire
minor groove peptide, binds with high affinity to the between the EBNA1-binding sites 1 and 2 in this ªmini-
mal originº is critical; altering the distance between themEBNA1 consensus element, as well as to site 1 from the
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abolished origin activity. Therefore, the minimal nucleo-
protein complex that activates DNA replication from the
DS element comprises two EBNA1 dimers bound to two
sites separated by 3 bp.
Two characteristics distinguish the complex formed
between EBNA1 and the 1±2 sites. First, the two dimers
bind cooperatively to these sites, and the region of
EBNA1 that mediates the cooperative interaction is con-
tained within EBNA1459±607 (Harrison et al., 1994; Sum-
mers et al., 1996). Second, binding of EBNA1 dimers to
both sites in vitro induces a structural distortion in the
DNA that can be detected by potassium permanganate
reactivity of a thymine residue in site 1 (Frappier and
O'Donnell, 1992; Hearing et al., 1992; Harrison et al.,
1994). This origin distortion can be detected in vivo
(Hsieh et al., 1993), and the EBNA1 DNA-binding domain
(EBNA1459±607) is sufficient to induce this distortion in vitro
(H. Summers et al., unpublished data). Biochemical
studies and the cocrystal structure demonstrate that
binding of a single dimer of EBNA1 to its recognition
element does not induce DNA distortion; binding of two
EBNA1 dimers is absolutely required to induce hyper-
reactivity to potassium permanganate (H. Summers et
al., unpublished data).
Several lines of evidence point to the importance of
the distortion for the initiation of DNA synthesis. First,
there is a clear correlation between the requirement
for two closely spaced EBNA1-binding sites for DNA
distortion and oriP function. Second, distortion of origin
DNA occurs in all other characterized replication sys-
tems and is a prerequisite for origin utilization (reviewed
by Boroweic et al., 1990; Kelman and O'Donnell, 1994;
Stillman, 1994). Third, the ability to alter origin DNA
structure is intrinsic to many, if not all, OBPs, and many
OBPs, like EBNA1, induce distortion in their cognate
origins through the formation of higher order assemblies
(reviewed by Boroweic et al., 1990; Kelman and O'Don-
nell, 1994; Stillman, 1994). To gain insight into the mech-
anism of origin distortion, we have modeled two EBNA1
dimers bound to two 18 bp binding sites separated by
3 bp (Figure 7). The most evident feature of the model
is that the flanking domains from adjacent dimers collide
Figure 7. A Model of Two EBNA1 Dimers Bound to Two Sites Sepa-(Figures 7A and 7B). It is clear that substantial changes
rated by 3 bpin the structures of either the protein, the DNA, or both
Two molecules of DNA from the cocrystal structure were connectedmust accompany the binding of two EBNA1 dimers to
by 3 bp of standard B-form DNA (using INSIGHT II). To join the DNAtwo such closely positioned sites. For two reasons, we
fragments, we generated a 5 bp linker fragment. The base at each
believe that most of the structural alterations occur in end of this 5 bp fragment was superimposed with the outer base
the DNA. First, as mentioned above, the interaction of pair of a DNA molecule derived from the cocrystal.
two DNA-bound EBNA1 dimers is known to cause (A) Two EBNA1 dimers collide when modeled on two sites separated
by 3 bp. The DNA derived from the cocrystal structure is shown inchanges in the DNA structure, as measured by potas-
red and purple. The 3 bp connection is shown in white. One EBNA1sium permanganate reactivity. Second, the EBNA1 pro-
dimer is shown in blue and the other in yellow.tein is very stable and therefore is unlikely to undergo the
(B) The same model shown in (A), but viewed from above the DNA.dramatic structural changes that must accommodate
(C) The two EBNA1 dimers initially positioned as in (A) and (B) were
binding to the two sites. Four observations point to the rotated to eliminate steric hindrance and viewed in the same orienta-
stability of EBNA1. First, EBNA1 DNA binding activity is tion as in (B). The rotation corresponded to a 208 unbending of the
stable to chaotropic agents. Complete activity can be DNA about the middle of the 3 bp DNA insert, followed by a 208
twist of one EBNA1 dimer with respect to the other.recovered after reverse-phase chromatography in ace-
tonitrile±trifluoroacetic acid or after treatment with 6 M
urea (A. M. E. et al., unpublished data). Second, com-
EBNA1 that overlap in the modeled structure are part ofplete activity can be recovered after heating at 808C for
a helix bundle that appears to be stabilized by extensive10 min (A. M. E. et al., unpublished data). Third, the
ionic and hydrophobic contacts. These helices are un-structures of the four crystallographically unique EBNA1
likely to move significantly. Therefore, we suggest thatmonomers, both bound to DNA and in solution, arevirtu-
ally identical (Figure 3). Fourth, the a-helical regions of the steric interference between EBNA1 dimers on sites
Crystal Structure of EBNA1 Bound to DNA
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Structure Solution and Refinement1 and 2 is reconciled mostly through structural changes
Oscillation images were processed, scaled, and integrated within the DNA. We can estimate that the steric clash might
DENZO and SCALEPACK (Z. Otwinowski). Using native data sets,be eliminated by a 208 unbending coupled with a 208
the position of EBNA1 dimer in the complex structure was located by
unwinding of the DNA (Figure 7C). the method of molecular replacement (MR; MERLOT 2.4; Fitzgerald,
In our model for DNA distortion, the EBNA1 dimers 1988) using the EBNA1 dimer (excludingthe proline loop) as a search
model. There were clear solutions to both the rotation and transla-act rather like two hands that first grip and then twist
tion searches (7s over background). The MR solution was refined(or untwist) the DNA in opposite directions. The confor-
to an R factor of 36% using rigid body refinement and simulatedmation of the untwisted DNA is likely to be energetically
annealing (with harmonic constraints on Ca atoms). Phases from theunfavorable, and therefore an input of energy, in the
molecular replacement solution were used to calculate an electron
form of additional protein-protein or protein-DNA inter- density map, but there was no interpretable density for the DNA,
actions is likely required to stabilize the distorted origin. necessitating the search for a heavy atom derivative. Attempts to
Two possible interactions emerge from biochemical grow crystals of EBNA1 complexed to an iododeoxyuracil-substi-
tuted oligonucleotide were unsuccessful, despite the fact that theconsiderations. First, it is probable that the two DNA-
protein was shown to bind the iodinated DNA with reasonable affin-bound EBNA1 dimers will interact, since the dimers bind
ity. A heavy atom derivative of the EBNA1±DNA cocrystals wascooperatively to the two binding sites. Although we can-
obtained by soaking crystals for 3 days in a solution of 0.3 mM
not predict the molecular details of the interacting sur- pCMB in reservoir buffer lacking DTT. The pCMB data set was
faces, the presumed interface (Figure 7C) is lined with processed as both an isomorphous and an anomalous derivative,
charged residues. The two EBNA1 dimers may be con- and heavy atom sites were located by difference Fourier synthesis
using the phases from the MR solution. Difference Fourier analysisnected by a network of hydrogen bonds that mediates
was performed on both isomorphous and anomalous data, and thethe cooperative binding as well as supplies the energy
top six peaks in both syntheses were similar. These positions wererequired to maintain the distorted origin. Second, the
confirmed as heavy atom sites by analyzing the corresponding dif-
formation of additional protein±DNA contacts upon ference Patterson syntheses. Maximum likelihood SIRAS (for single
binding of two EBNA1 dimers may play a role in stabiliz- isomorphous replacement with anomalous scattering) phase calcu-
ing the distorted origin. For example, structural changes lations and refinement for six heavy atomic sites against 3.0 AÊ data
gave a figure of merit (FOM) of 0.62. The location of the noncrystallo-in the DNA are likely to change the relative position of
graphic (NC) axis was determined from the MR model, which wasthe core domain with respect to the EBNA1 binding
in good agreement with the SIRAS Fourier map. The position ofsites. In this altered structure, the core recognition heli-
the NC axis was refined against the SIRAS map, and a molecular
ces may slide into the major grooves and make several envelope for NC averaging was created. The molecular envelope
new protein±DNA hydrogen bonds. This hypothesis contained only residues 477±607 and none of the predicted density
might explain the conservation of the core domain rec- for the DNA. The SIRAS phases were then subjected to solvent
flattening and NC averaging using this protein envelope, and theognition helices and the ability of the purified core do-
resulting map revealed clear density for DNA and protein. The DNAmain to bind DNA. This model might also account for
and the remaining EBNA1 residues were built into the solvent-flat-the conservation of the adenine at position 5; the core
tened, NC-averaged SIRAS map using the program O (Jones et al.,
recognition helices, if they were to bind in the major 1991). A new molecular envelope, containing the entire complex,
groove, would be predicted to interact with this base. was then constructed for NC averaging. SIRAS phase calculation,
solvent flattening, and NC averaging over the entire complex were
then performed with 2.5 AÊ data to give a final phase set with FOMExperimental Procedures
5 0.82. All heavy atom refinement, phasing, solvent flattening, oper-
ator refinement, averaging, and map calculations were carried outCrystallization and Data Collection
with the PHASES program package (Furey and Swaminathan, 1995).EBNA1 (459±607) was purified as described previously (Barwell et
The resulting 2.5 AÊ map showed continuous electron density foral., 1995), concentrated to 11.5 mg/ml by cation exchange chroma-
both DNA and most of the protein. Six residues from the N-terminustography (POROS S column; Perseptive Biosystems, Cambridge,
(two derived from EBNA1 and four from the fusion protein) had noMA), and stored frozen in a solution containing 1 mM HEPES (pH
density and were not included in the final model. There were gaps7.2), 1 M NaCl, and 10 mM DTT. The DNA for cocrystallization,
of density in the region of residues 546±548 in both subunits. Thiswhich consisted of a palindromic EBNA1-binding site of sequence
region was modeled by connecting ªislandsº of density. The struc-GGGTAGCATATGCTACCC (Dalton Chemical Laboratories, North
ture was refined against the 2.4 AÊ data set with XPLOR 3.0 (BruÈngerYork, Ontario), was purified by reverse-phase HPLC, denatured by
et al., 1987) using the protein parameters of Engh and Huber (1991)heating to 958C for 5 min, annealed by cooling to 558C at a uniform
and modified DNA parameters (S. K. Burley). Three cycles of simu-rate of 0.38C per minute, and incubated at 558C for 30 min. After
lated annealing were performed with some rounds of minor modelthis incubation, the temperature was dropped to 378C over a period
correction, positional and B refinement, interspersed at the end.of 1 hr, and the DNA was then placed at 48C. The complex of EBNA1
Finally, 92 water molecules were added, yielding a model with anand DNA was prepared by incubating 10 ml of a 11.5 mg/ml solution
R factor of 21.8%.of EBNA1 in a solution with 1 ml of annealed DNA at a 1.5 molar
excess over EBNA1. Crystals of the EBNA1±DNA complex were
Acknowledgmentsgrown at room temperature by vapor diffusion in hanging drops
against a reservoir solution containing 100 mM MES (pH 5.5±6.0),
12%±16% PEG400, 40 mM MgCl2, 0.6 M NaCl, and 10 mM DTT. Correspondence should be addressed to either L. F. or A. M. E. We
are grateful to Drs. Cheryl Arrowsmith, Stephen Burley, Seth Darst,The hanging drops were formed by mixing 5 ml of the EBNA1±DNA
complex and 5 ml of reservoir solution. Crystals, with space group William Furey, John Hassell, and David Wilson for advice and com-
ments on the manuscript. This work was supported by grants toP212121, formed in a few days, and typically grew to 0.2 mm 3 0.2
mm 3 0.8 mm. The crystals diffracted beyond 2.1 AÊ and contained A. M. E. from the Human Frontier Science Program and to A. M. E.
and to L. F. from the National Cancer Institute of Canada (NCIC),one complex of EBNA1 and DNA per asymmetric unit. For low tem-
perature data collection, the crystalswere cryoprotected in reservoir which receives funds from the Canadian Cancer Society. A. M. E.
is a Research Scholar of the Medical Research Council of Canadasolution augmented to 30% PEG400 before being mounted in a loop
made of a fiber of dental floss and flash frozen in a stream of N2 (MRC). L. F. is a Research Scientist of the NCIC. J. A. B. was sup-
ported by a MRC studentship. The coordinates are being depositedgas. Each data set was collected from a single crystal maintained
at 21708C on an Rigaku RAXIS-IIc image plate area detector with in the Protein DataBank. Academicusers can obtain the coordinates
immediately by contacting botchkar@fhs.mcmaster.ca.a rotating anode X-ray source (Table 1).
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